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analyses  to  determine  hydrolysate  metabolite  composition  and  critical  micelle 
concentration, were done at the Norwegian NMR Platform, NNP.  
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raw materials,  such  as  heads, backbones,  and carcasses. Almost 85% of  the  residual 
materials from Norwegian aquaculture and fisheries were utilized in 2019, but over 150 








enrichment of  food products and/or as a  functional  ingredient. However,  the  sensory 
properties  of  protein  hydrolysates  are  considered  a  major  limitation  for  hydrolysate 









and  combined  with  metabolite  composition,  based  on  1H  NMR.  Both  enzyme 
specificity and new membrane filtration technology were assessed to reduce the sensory 
properties  of  the  hydrolysates.  Furthermore,  the  effects  of  hydrolysis  parameters  on 





based  on  muscle  tissue  from  cod,  salmon,  and  chicken  with  two  different  enzymes 




not  affected  by  raw  material,  indicating  a  comparable  release  of  bitter  peptides 
independent of substrate. Partial least squares regression on 1H NMR and sensory data 
provided  models  for  11  of  the  17  evaluates  attributes,  and  significant  metabolite-






hydrolysis  was  found  to  have  a  negative  impact  on  ESI  and  CMC,  while  the  ESI 




In  Paper  III,  the effect of membrane  filtration on  sensory  properties were  evaluated. 
Heads  and  backbones  from  cod  and  salmon were  hydrolysed  for  50 min with  either 
Bromelain  or  FoodPro  PNL.  The  hydrolysates  were  purified  by microfiltration  and 
further  refined  by  nanofiltration  and  diafiltration.  Sensory  profiles  and  metabolite 
compositions  were  assessed  prior  to,  and  after  each  nanofiltration  step.  Metabolite 
composition were  determined  and  quantified  by  1H NMR  and  sensory  profiles were 









In  Paper  IV,  the  sensory,  nutritional,  and  chemical  quality  properties  of  protein 
hydrolysates based on backbones, heads, and viscera from salmon and mackerel were 
assessed. The hydrolysates were produced using FoodPro PNL and hydrolysed for 50 















II  Emulsion  and  surface-active  properties  of  fish  solubles  based  on  direct 




III  Reduction  in  flavor-intense  components  in  fish  protein  hydrolysates  by 
membrane filtration 
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Food  production  has  a  substantial  environmental  impact,  and  the  consensus  is  that 
waste in the food chain should be nil (Springmann et al. 2018). The European domestic 
animal,  aquaculture,  and fishing  industries estimates a biomass loss of 40% prior  to 
distribution (FAO 2011, Pérez Roda et al. 2019). In industrialized countries, most of 
the loss can be attributed to retail and consumer waste, but processing lines, such as 
filleting,  may  contribute  substantially  to  the  loss.  The  filleting  process  generates 
residual raw materials that can be defined as parts of the animal that is not considered 
the  main  product.  Bones,  heads,  skin,  viscera,  carcasses,  connective  tissue,  and 
trimmings are rich in protein of food quality with high potential value (Aspevik et al. 















available  residuals),  and mostly  based  on  residuals  from  aquaculture  (Myhre  et  al. 
2020). Silage is usually produced by addition of formic acid to the raw material (Raa 





(separating  the  soluble  protein,  or  stickwater,  from  the  solids),  and  drying 
(Schmidtsdorff  1995),  is  also  a  substantial  product  category  (18%  of  available 
residuals). Residuals from the pelagic fish sector constitutes most of the raw material 
basis for fish meal production. Poultry residuals have traditionally been processed into 
feed,  fertilizer,  and  pet  food,  but  also  some  food  products  such  as  mechanically 
deboned  meats  (Lasekan  et  al.  2013);  however,  there  is  increasing  interest  in 
transforming more of this raw material into products for human consumption. It would 
be more economically and environmentally sustainable  to  increase  the  ratio of food 
ingredients generated from the residual raw material (Stevens et al. 2018). Enzymatic 
protein  hydrolysis  is  a  promising method  for  producing  food-grade  products  from 
filleting residuals (Panyam & Kilara 1996, Aspevik et al. 2017). The conversion into 
water-soluble peptides and free amino acids facilitates recovery of proteins otherwise 
attached  to  e.g.  bones,  heads,  and  carcasses,  post  filleting.  The  composition  of  an 
enzymatic  protein  hydrolysate  is  determined  by  substrate,  choice  of  enzyme,  and 
processing conditions (Kristinsson & Rasco 2000b). 





formation  of  small  peptides  containing  hydrophobic  amino  acids  during  hydrolysis 
(Kim & Li-Chan 2006). Bitterness, and the reduction of bitter taste intensity, is much 




et  al.  1990).  The  other  tastes  and  flavors  of  a  protein  hydrolysate  can  mainly  be 
attributed to non-protein water-soluble molecules (Temussi 2012, Aspevik et al. 2016b, 




such  as  emulsion  or  foam  forming  properties,  the  hydrolysates  may  be  used  as 

































This  causes  conversion  of  proteins  into  smaller  peptides  and  free  amino  acids.  In 
enzymatic protein hydrolysis this reaction is catalysed by enzymes, more specifically 
proteases.  The  liberation of  amino  acid  side chains and  terminal  ends  increases  the 
water-solubility of the peptides, thus facilitating their recovery as a protein hydrolysate. 
There  are  alternatives,  such  as  acidic  or  alkaline  hydrolysis.  However,  alkaline 
hydrolysis may generate toxic compounds, such as lysinoalanine, and both alkaline and 
acidic  hydrolysis  methods  are  non-specific,  cleaving  peptide  bonds  randomly,  as 





Enzymatic  protein  hydrolysis  can  be  performed  with  both  endogenous  and  added 
enzymes. The  former usually involves  the inclusion of  the viscera  fraction from the 










of  water  necessary  to  hydrate  the  peptides  are  too  low  (Butre  et  al.  2014).    Also, 




Figure  2.  Illustration  of  the  main  steps  in  an  industrial  protein  hydrolysis  process 
(Kristoffersen 2019). 
The  protease  is  added when  the  slurry  of water  and  raw material  have  reached  the 
optimum temperature of  the chosen protease, usually between 40 and 60℃. After a 








hydrolysis  time)  all  influence  the  hydrolysis  process  (Wubshet  et  al.  2019).  The 
hydrolysis  reaction  is  complicated  by  several  factors.  The  raw  material  may  have 
batchwise variations in composition, the reaction components are both substrate and 
products throughout the process, and peptide bonds are cleaved both in sequence and 
parallel  reactions.  In  addition,  the  potential  presence  of  protease  inhibitors  can 
influence the process (Qi & He 2006). Downstream processing can be applied to alter 
the  hydrolysate  depending  on  desired  properties.  Common  downstream  steps  are 
















distinct  analytical  principles  that  will  give  different  results,  dependent  on  both  the 
method used and the peptide composition of the product (Morais et al. 2013, Aspevik 
et al. 2016a). Further,  the DH does not provide  information about the peptide chain 
lengths  nor  peptide  distribution,  both  important  parameters  in  assessment  of 
hydrolysate properties.    
The molecular weight distribution (MWD) of proteins and peptides in a hydrolysate 
can be  determined by HPLC size exclusion chromatography  (SEC)  (Wubshet  et  al. 
2017). The peptides move through a stationary phase which separates the compounds 
based  on  size,  as  smaller  peptides  are  adsorbed  into  the  packed  column  material, 
decelerating their elution compared to compounds of higher molecular weight (MW). 
Peptides  and  proteins  of  known  MW  are  used  to  create  a  calibration  curve  for 










adds  to  the  uncertainty  of  the  measurement  (Wang-Andersen &  Haugsgjerd  2011, 
Fekete et al. 2014). 
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For inclusion of protein hydrolysates  in a  food product,  the  raw material must meet 
certain  quality  criteria.  Although  most  residuals  from  the  fish  and  meat  filleting 
industry  are  highly  nutritious,  not  all  are  considered  food  grade.  When  the  raw 
materials do have  food grade quality  and are handled as such,  they may be  used  to 
processing  of  food  products.  Raw  material  considered  of  non-food  quality  or  the 
processing and handling of the raw materials do not meet food grade criteria, they are 
defined  as  animal  by-products  (ABPs)  according  to  EU  regulation  No.  1069/2009. 






























potential  for  feed  applications  depending  on  risk  category.  Category  3  APBs, 
originating from slaughterhouses, fisheries, etc., may be used for pet and animal feed, 
whereas  category  1  (e.  g.  pets  and  zoo  animals)  and  2  (e.  g.  carcasses  from  dead 
livestock) are considered high risk products.   
Fish and meat processing residuals contain high levels of proteins, fat, and bones, all 
of which may  influence a hydrolysis process  and  final product quality. The protein 
contents  and amino  acid composition of  the  raw material  determines  the nutritional 
properties of the protein hydrolysate, protease cleavage sites and accessibility (Archer 
et  al.  1973, Wubshet  et  al.  2019). The  structure  of  a  folded  protein may  block  the 
accessibility of proteases to specific peptide-bonds, depending on type of protein. The 
two main food protein structures are globular and fibrous, of which the latter type has 






1996).  Variations  in  the  type  of  proteins  may  constitute  a  difference  in  enzyme 
accessible proteins at reaction initiation, which will likely affect product MWD.  
The protein fraction of a food source is typically calculated by measuring the nitrogen 











imperative  for  calculation  of  enzyme:substrate  ratio,  particularly  when  comparing 
effects  of  process  factors.  Thus,  substrate  specific  N  to  protein  conversion  factors 
should be determined prior to hydrolysis of new raw materials.  
The lipid content may influence both the hydrolysis process and the product. The lipids, 











Microbial  proliferation  is  a major cause  for  potential  spoilage  for  all  fish  and meat 







are  vulnerable  to  autolytic  or  microbial  degradation.  The  degradation  products  of 
trimethylamine  oxide  (TMAO),  namely  trimethylamine  (TMA)  and  dimethylamine 
(DMA), have considerable negative effects on sensory properties of fish hydrolysates. 
Paper  IV  demonstrated  that  levels  of  biogenic-  and  volatile  amines  not  only  vary 
between different raw material species, but also between fractions (heads, backbones, 
viscera) within the species. To keep levels of deterioration products within acceptable 
limits,  food-grade  post-harvest  handling  of  the  raw  materials  is  key  for  obtaining 
11 








Aspevik  et  al.  2016a). The  hydrolysis  reaction can  be  catalyzed  by both  endo-  and 






acid  sequence,  as  illustrated  in  Figure  4  for  trypsin  and  pepsin.  The  extent  of  the 
enzyme specificity is also a source of variation. Some proteases are less specific in their 




(NC-IUBMB  1992).  Proteases  are  classified  by  the  numbers  3  (hydrolases),  4 






Figure  4. An  illustration  of  the  difference  in  cleaving  sites  with  the  use  of  two  different 
proteases,  trypsin  and  pepsin,  on  a  peptide  segment  as  determined  by  the  PeptideCutter 
software (NCBI). The different letters are shorthand forms of the different amino acids present 
in the peptide chain 
In  the  majority  of  available  research,  hydrolysis  is  performed  on  one  type  of  raw 
material and enzymes are compared at equal enzyme-to-substrate ratio, not based on 
the specific activity of the enzymes. This will result in products of different degrees of 




case  of  this work,  additional processes after  the  initial,  traditional, phase  separation 
where  solids  and  lipids  are  removed  from  the  water  phase  by  coarse  sieving  and 
centrifugation.  The  crude  hydrolysate  can  be  subjected  to  a  variety  of  downstream 
processing techniques including filtration steps, evaporation, drying, and stabilization 
of the hydrolysate.  Evaporation is commonly used to reduce the water content prior to 




Filtration  technology  is  commonly  applied  in  food  and  biotechnology  industries  to 

















solutes  to  cross  the membrane as  the  filtration  feed  flows by. The  retentate may be 
circulated  back  to  the  feed  tank,  as  depicted  in  Figure  6,  facilitating  increased 




and  solids  are  removed  (Castro-Munoz  &  Fila  2018).  In  the  case  of  protein 
hydrolysates, cut-offs ≤ 0.3 µm have been reported for the removal of suspended solids 
(Beaulieu et al. 2009). MF may also  function as a measure  to reduce the number of 
bacterial  colony  forming  units  (CFU).  Ultrafiltration  (UF)  membranes  facilitate 
fractionation of  hydrolysate peptides  around 350 to 1 kDa. This may be  relevant  in 










After  filtration  of  a  protein  hydrolysate,  both  permeate  and  retentate  will  have 
nutritional  value  and  potential  for  various  applications,  depending  on  the  fraction 
properties.  The  retentate  of MF  consists  of  high MW molecules  and  the  insoluble 
fraction  in  the  filtration  feed.  These  are  likely  to  have  physicochemical  properties 
beneficial  in  food  formulations,  such  as  emulsion  capabilities  (see  chapter  4),  or 




should  be  minimized  to  reduce  product  loss,  but  the  reduction  in  salt  content  is 
important  for  the  nutritional  value.  Depending  on  MWCO,  free  amino  acids  and 
15 





















basic  and  primary  taste  are  disputed  by  some  (Beauchamp  2019),  but  five  sensory 
attributes are generally recognized as the basic tastes and will be the definition used for 
this thesis. The basic tastes are sweet, sour (acidic), salt, bitter, and umami (Simon et 







mainly sodium, but also other minerals,  important  for maintaining bodily  functions. 
Sweet taste, as a response to sugars, suggests a presence of carbohydrates. Umami taste, 
also called meaty taste, is the newest recognized basic taste, with the specific stimulants 
being  sodium  glutamate  and  inosine  compounds  (Bachmanov &  Beauchamp  2007, 







































method  is  quantitative  descriptive  analysis  (QDA).  A  QDA  provides  detailed 
information of  the product(s) in question. Relevant sensory attributes included in an 
analysis  is  determined  in  advance.  The  attributes  are  by  no  means  arbitrary,  as 
vocabulary consensus between panellists and avoidance of ambiguous terminology is 
important for generation of quality results. In addition, if a relevant attribute is omitted 










experiments,  panels,  and  laboratories  are  difficult  and  should  be  done with caution 
(Murray  et  al.  2001).  In  general,  only  comparisons  of  the  relative  differences  are 
possible.  
There  is  a  limit  to  the  number  of  samples  that  a  sensory  panel  can  assess  in  one 
experiment, as the human palate is easily fatigued. To circumvent this, and to facilitate 




Nuclear  magnetic  resonance  (NMR)  spectroscopy  can  be  used  to  evaluate  quality 
parameters, nutritional aspects, metabolomic fingerprinting etc. The method has also 
been  tested  for  sensory  profiling  (Hatzakis  2019).  1H  NMR  spectroscopy  of  food 
products  can  detect  and  quantify  many  components  with  high  accuracy  and 
reproducibility,  without  the  need  for  separation  or  purification  prior  to  analysis 
(Hatzakis 2019). Protons gives different signals depending on the ambient molecular 
environment.  In  short,  NMR  uses  the  nuclear  spin  to  ascertain  information  on  the 
atom’s placement within a molecule. When irradiating the nuclei with electromagnetic 
waves, energy transitions where energy absorption is the dominating one, signals are 
created  (Friebolin 2011). Changes  in  the  spectra  can be  compared  to differences  in 
attribute  intensity  determined  by  a  sensory  panel,  which  provides  the  basis  for 
prediction models. This methodology, sometimes termed “magnetic tongue”, has been 
attempted for canned tomatoes (Malmendal et al. 2011), olive oil (Lauri et al. 2013), 











impossible  to  assign  in  the  spectra  due  to overlapping  peaks, weak  signals, or poor 
signal to noise ratio.  
The  predictive  power  of  NMR  data  is  possible  through  applying multivariate  data 
handling, which  enables a unique method for evaluating the changes in hydrolysate 
composition with the concomitant changes in sensory profiles. Pre-processing of NMR 
data  prior  to  multivariate  data  analysis  should  also  be  considered  with  care.  Both 
scaling and normalization influence the information extracted from the data (Craig et 
al. 2006). With unit variance scaling (autoscaling) the compounds will become equally 
important  and  is  a  good  method  for  comparing  correlations,  but  information  on 
covariance will be lost. Pareto scaling reduces the relative importance of compounds 
giving considerably higher signals than others, but the original measurement is fairly 
well  maintained  (van  den  Berg  et  al.  2006),  which  is  necessary  when  elucidating 















said  to  have  determined  a  variety  of  attributes  in  fish meat  (Mabuchi  et  al.  2019), 
although this was not correlated with a sensory panel. As with the NMR method, the 
interpretation  of  responses  to  the  signals  must  initially  be  determined  through 












as  it  has  been  considered  a  major  limitation  for  human  consumption  of  protein 
hydrolysates.  Bitter  taste  is  mainly  ascribed  to  liberation  of  peptides  containing 
hydrophobic amino acids (Asao et al. 1987, Kim & Li-Chan 2006). In a protein, the 
hydrophobic  moieties  tend  to  be  folded  within  the  protein  structure,  while  the 










amino  acids  heightens  the  bitter  intensity.  The  MW  of  bitter-tasting  peptides  is 
somewhat disputed (Fu et al. 2019, Idowu & Benjakul 2019), but more recent studies 
indicate an association between the bitter attribute and peptides with MW 0.5 to 1 kDa 
(Aspevik  et  al.  2016b,  Fu  et  al.  2018). Restricted  hydrolysis  and  proper  choice  of 









Paper  I,  which  also  found  umami  intensity  to  be  a  function  of  the  raw  material 
(Maehashi et al. 1999). The same applies for most of the other sensory attributes. The 
concentration of  flavour-eliciting metabolites in  the hydrolysate  is dependent on the 
composition  of  the  raw  material.  The  presence  of  some  attributes  is  more  self-
explanatory  than  others,  such as marine or fish flavour in  fish protein hydrolysates. 
Many  ascribe  this  attribute  to TMA and DMA, however  different  fish  species  have 
varying  contents  of  these metabolites  (Pena-Pereira  et  al.  2010), and TMAO,  from 
which  TMA  and  DMA  are  derived.  Despite  this,  the  fish  flavour  may  be  similar, 








The  food  industry utilizes a variety of surface-active  ingredients to improve product 
texture  and  appearance  for  processing  purposes  or  to  suit  consumer  preferences 
(Dickinson  &  Miller  2001,  Kralova  &  Sjoblom  2009).  However,  with  the  recent 







droplets  of  lipids  are  homogenously  distributed  in  a  continuous  aqueous media,  or 
water-in-oil  (W/O),  where  oil  is  the  continuous  media  (McClements  2005).  Such 
colloidal  systems  are  thermodynamically  unstable  and  require  surface-active 
components for stabilization through reduction of surface-tension. Depending on the 
surface-activity  of  the  emulsifier,  the  structures  are  susceptible  to  gravitational 
separation or flocculation, where particles collide without disrupting particle surfaces 




certain  balance  of  hydrophobic  and  hydrophilic  moieties,  amino  acid  sequence, 
flexibility,  solubility  (Figure  8),  that  are  required  for  surface-activity  (Damodaran 
2005,  Dexter  &  Middelberg  2008).  The  amphiphilicity  of  peptides,  given  by  the 
balance  of  hydrophobic  and  hydrophilic  amino  acids,  determines  the  capability  of 











droplet  repulsion  (Figure  8)  (Dickinson  1994).  The  protein  and  peptide  solubility, 
which  is  considerably  increased  by  hydrolysis,  is  imperative  for  emulsifying 
capabilities. However,  extensive hydrolysis creates peptides with low flexibility and 
unsuitable  amino  acid  balance  for  emulsifying  capabilities  (Kristinsson  &  Rasco 
2000c, van der Ven et al. 2001, Elavarasan et al. 2014, Schroder et al. 2017). Some 
studies  have  found  restricted  hydrolysis  to  give  peptides  with  good  emulsion 
capabilities  (Liceaga-Gesualdo  &  Li-Chan  1999),  and  it  has  been  suggested  that 
peptides of at least 20 amino acids are necessary for good surface-activity (Lee et al. 
1987). The  correlation between MWD and  emulsion  capacity  is,  however,  disputed 
(Kristinsson & Rasco 2000a, van der Ven et al. 2001).  
There  are many methods  to  evaluate  emulsifier  effectiveness,  and  there  are  several 
factors that will influence the outcome. Oil type, pH, ionic strength, and temperature 
all affect emulsions, as do ingredient interactions. If  there is a  specific  type of  food 
formulation, it is beneficial to imitate the specific conditions in the emulsion evaluation 
assay  (McClements  2007).  Emulsion  activity  index  (EAI)  measures  the  obtainable 
interfacial  area  of  emulsion  per  unit  weight  of  protein.  It  gives  a  measure  of  the 













is  needed  to  obtain  reduction  in  surface-tension.  The  ability  of  peptides  to  form 
micelles is associated to their surface-activity, which again is dependent on the amino 
acid  sequence. Hence,  the  enzyme  specificity  and  degree  of  hydrolysis  is  likely  to 
influence  the CMC value  of  hydrolysate  peptides. Various methods  can  be  used  to 
assess the effect of surfactant concentration, such as fluorescence, conductivity, surface 
tension, and 1H NMR spectroscopy (Al-Soufi et al. 2012, Liu et al. 2020). Aspevik et 
al.  (2016b)  showed  that  CMC  of  protein  hydrolysates  can  be  measured  by  NMR 











in  food  formulations.  The  required  MWD  and  amino  acid  composition  will  vary 
depending  on  its  intended  use.  In  the  case  of  specialized  nutritional  support  to 

















of  peptides  needs  to  be  determined  to  ensure  they  are  within  recommended  limits 
(Schaafsma 2009). The salt content is also an important factor, as high levels of dietary 
sodium  is  associated  with  high  blood  pressure  related  deceases  (WHO  2012).  In 
addition,  any  other  compound  with  potential  toxicological  effects  should  be 
considered,  such  as  the  biogenic  amines  described  in  section  2.2.  High  levels  of 





complicate  food  formulation.  Protein  hydrolysates  contain  considerable  amounts  of 
small peptides and free amino acids (< 0.5 kDa), which have plasticization effects that 
may alter the mechanical properties through changing the glass transition temperature 
of  any  formulated  product  (Oterhals  &  Samuelsen  2015).  The  use  of  protein 
hydrolysates  as  food  ingredients  may  thus  influence  the  physical  and  rheological 
properties  (Franco-Miranda  et  al.  2017,  Ahmad  et  al.  2019),  making  extensive 
formulation studies necessary. A major challenge resides in obtaining a standardized 
commercial large-scale production of hydrolysates. The raw material composition may 
be  inconsistent,  causing  batchwise  variations  in  the  hydrolysate.  In  addition,  the 
processing  costs  need  must  be  commensurate  with  the  value  of  the  final  product, 
whether it being in the form of a nutraceutical or a food product.  
5.2  Commercial products 
Despite  the  challenges  associated  with  production  and  commercializing  of  protein 
hydrolysates, there are several such products available based on marine raw materials, 
most of which are sold as nutraceuticals (Hayes 2019). A fillet hydrolysate from Pacific 
whiting (Seacure®) claims to have positive  intestinal health effects, and  several  fish 
protein hydrolysates of undefined  species  are sold as antidepressants (Gabolysat PC 
60®, Stabilium®, Procalm®). Hydrolysates based on collagen are generally sold as bone 
and  skin  supplements,  while  others,  such  as  Velyron®  have  ACE-1  inhibitory 
properties. There is also a newly EFSA approved blood pressure reducing supplement 
based  on  shrimp  shell  hydrolysate  (PreCardix®),  with  a  tripeptide  as  the  active 
ingredient, from Norway. Products based on Atlantic salmon, Amizate® (Nesse et al. 
2014), ProGo®, and Biomega® peptides are marketed as  a dietary  supplements. The 











equivalents  released  from  casein  per  min  (Cupp-Enyard  2008).  FoodPro  PNL  and 
Bromelain were chosen as the former has previously been found to be cost effective 
and resulting in hydrolysates of relatively low bitterness (Aspevik et al. 2016a), and 
the  latter  to be efficient in hydrolysis of connective  tissue and has broad  specificity 
(BRENDA 2019).  
For the most part, different parts of fish were used as raw materials (Table 1). In Paper 
I  chicken  was  included  to  provide  more  product  variation  in  the  study  aiming  to 
elucidate metabolite-attribute associations. This was also the only study using fillets to 
reduce variation within sample groups of the same raw material. In the other studies 
different  fish  residual  raw material  fractions were  used. All  the  species used  in  the 
presented studies are relevant in regard to residual raw material utilization.    
Table 1. Overview of hydrolysis parameters in the different studies 


















































method provided a  relatively  clear water phase and  a  solid pellet.  In  the pilot  scale 
experiments  a  3-phase  decanter  centrifuge  was  used  (Flottweg  Tricanter  Z23-3, 
Vilsbiburg, Germany), after coarse sieving to remove bone fragments. The apparatus 
gave a good separation of the lipid phase, but the water phase appeared muddier than 
in  the  lab  scaled  separation.  The  difference  is  likely  a  result  of  higher  g-force  and 





































Sensory  assessments  were  performed  in  the  studies  for  Papers  I,  III,  and  IV.  The 
hydrolysates were presented at 1% based either on protein contents (Paper  I) or dry 
matter  (Papers  III and  IV). The  latter will give a dilution effect  in  regard  to protein 








protein  hydrolysates  which  provided  the  basis  for  attribute  inclusion  in  the  studies 
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Norway).  Principal  component  analysis  (PCA)  showed  associations  between  the 


















standard  and  #H  is  the  number  of  protons  eliciting  the  peak.  The  peak  areas were 
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determined  by  deconvolution  in  MestReNova  (v.  14.1.2-25024,  Santiago  de 
Compostela, Spain). 
6.2.4  Critical micelle concentration 
CMC  was  determined  by  NMR  spectroscopy.  The  use  of  this  method  for  protein 
hydrolysates was first presented by Aspevik et al. (2016b). As the peptides start to form 
micelles,  there is a change in the chemical environment causing a shift  in resonance 































EAI  was  determined  based  on  the  method  by  Pearce  &  Kinsella  (1978).  The 
hydrolysates  were  diluted  to  1%  based  on  protein  concentration.  Below  this 
concentration the homogenization method may have a higher effect on the results. The 
emulsions were made in triplicate with a 1:4 ratio of rapeseed oil and sample. Tween 
20 was  included  as  a  control  in  each  round  to  verify  repeatability.  The  emulsified 
samples were collected immediately after homogenization and diluted 200-fold in 0.1% 











equal.  There  are  several  statistical  methods  available  for  analysis  of  differences 
between sample groups, the simplest being one-way ANOVA (Lea et al. 1997). This 
is a  test  to check  the probability of whether  two or more means are equal or not  in 
samples sets of usually only one variable and one response. In a two-way ANOVA the 
effect  of  two  independent  variables,  and  any  interactions  thereof,  on  a  dependent 
variable (response) is determined. In Papers I, III, and IV a mixed effect model was 
used  for  the  sensory  data.  It  has  been  proposed  that,  while  the  products  are  fixed 
variables, the assessors should be seen as random representatives of the population, so 









The  ANOVA  determines  if  there  are  significant  differences  between  the  analysed 




In  Paper  I,  a  50-50  multivariate  ANOVA  (MANOVA)  was  used  to  elucidate  the 
influence  of  hydrolysis  parameters  on  variation  in  metabolite  composition.  Such 
methods are useful when the number of responses far exceeds that of the observations. 
In  spectroscopic data  sets there are generally a vast number of responses  (Langsrud 
2002). In NMR spectra, small regions of chemical shifts make one response, adding to 
thousands  of  responses,  depending  on size  of bins  (summary  of  areas  over  defined 
spectral  chemical shifts),  if  any. The method is based on PCA and handles multiple 





PCA  is  a  multivariate  method  that  reduces  a  dataset  by  removing  “noise”,  whilst 
maintaining  the  informative  variation.  This  is  accomplished  by  decomposing  the 


































In general,  it has been  found that the use of one Y-variable at the  time  (PLS1) will 
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provide the best prediction models. This was the chosen method for Paper I, but it is 
possible  to  include  multiple  Y-variables  (PLS2)  simultaneously  (Esbensen  & 










and  III  address  sensory  properties  and  how  they  are  influenced  by  metabolite 
composition. Paper I focus on the effect of hydrolysis parameters on sensory properties 
and  metabolite-attribute  associations,  while  Paper  III  concentrates  on  effects  of 
industrially  relevant  membrane  filtration  on  the  metabolite  composition,  and  thus 




Sensory  attributes  of  high  intensity  are  considered  limiting  for  the  inclusion  of 
enzymatic  protein  hydrolysates  in  foods.  In  the  interest  of  producing  taste  neutral 
hydrolysates,  it  is beneficial  to understand how  the various attributes develop as an 
effect of process  factors. The objective of  this  study was  to assess  the  formation of 
sensory attributes as an effect of hydrolysis factors and associate the attribute intensity 
with metabolite composition as determined by NMR spectroscopy. The results were 
thought  to  aid  in  the  evaluation  of  suitability  of  applying  NMR  metabolomics  in 
predicting sensory profiles.    
Muscle  tissue  from chicken  (Gallus gallus),  salmon  (Salmo salar),  and  cod  (Gadus 









hydrolysates  produced  in  this  study,  had  relatively  high  total  flavour  intensity,  and 
significant product differences were found for most sensory attributes. The variation 
could mostly  be  attributed  to  raw material  variation,  but  for  some,  hydrolysis  time 
and/or enzyme specificity were the critical factors. The strong influence of raw material 
may  have  dwarfed  effects  of  the  other  factors,  but  for  the  purpose  of  elucidating 
metabolite effects this does not necessarily pose a problem. 
The  NMR  spectra  showed  that  the  products  were  mainly  composed  of  the  same 
metabolites, but at varying amounts. MANOVA on the metabolite data revealed that 
51%  of  variation  was  due  to  raw material,  while  17  and  13% were  dependent  on 
enzyme and hydrolysis time.  
PLSR  showed  that  the  variation  in metabolites  coincided with  variation  in  sensory 
attribute intensity. Eleven of  the 17 evaluated attributes could be modelled with the 
Figure  11.  Spider  plot  showing  sensory  profiles  of  the  enzymatic  protein  hydrolysates 





correlated  (p <  0.05)  to changes  in  attribute  intensity. We  found  several metabolite 
associations  for  all  modelled  attributes.  Some  attributes  were,  however,  found  to 
associate  with  the  same  combination  of  metabolites.  This  is  likely  affected  by  the 
strong positive correlation of the attributes in question, causing similar PLSR loadings 
and  thus  corresponding  to  variations  in  the  same  spectral  areas.  Undetected  or 
unassigned components could be the differentiating factor.  
Bitterness was, as expected, positively associated with some hydrophobic amino acids. 











functionality,  and  others  indicate  that  any  hydrolysis  disrupt  protein  properties 




CMC)  of  direct  thermal  extracts  (stickwater)  of  cod  and  salmon  backbones  with 






The  results  showed  that  the  properties  of  direct  extracts  and  hydrolysates  varied 
considerably, making the former outliers, or close to, in the PCA. To get an overview 
of  the  effect  of  hydrolysis  parameters,  the  direct  extracts  were  excluded  from  the 
model. The hydrolysate variation was mostly based on hydrolysis time, as apparent by 
the  separation  along  PC1  (Figure  12),  followed  by  raw material  with  the  variation 
shown along PC2. The product separation was based on all CMC, PR and MWD, while 
emulsion  properties  have  little  contribution.  High  CMC,  indicating  poor  surface-




Figure  12. PCA bi-plot  of  hydrolysates  based  on  cod  (C)  and  salmon  (S)  backbones,  the 
proteases FoodPro PNL (F) and Bromelain (B) and hydrolysis times of 5, 10, 30 and 60 mins. 













than  for  casein with ESI values of 22-27% for  the hydrolysates compared  to 54 for 





for  the  effect  on  the  stability  is  not  understood,  but  small  peptides  appear  to  be 
important for emulsion stabilization.       
7.3  Influence of membrane filtration on protein hydrolysates (Paper III) 










raw  material  (21.5%)  gave  slightly  smaller  volumes  compared  to  the  cod-based 
hydrolysates, as the latter raw material contained more water. Consequently, there was 
a  difference  in  degree  of  concentration  between  products  in  the  first  round  of  NF 
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resulting  in  a  slight  product  variation  in dry matter  concentration.  The MF  process 
resulted  in  a  PR  of  46-59%  relative  to  the  MF  feed,  illustrating  the  need  for 





















even more so after  the  two batchwise diafiltration steps  (Figure 14), some of which 
could explain the change in sensory attribute intensity. The decrease in lactate probably 
influences  both  the  increase  in  bitterness  and  decrease  of  other  attributes,  as  was 
described by the metabolite-attribute associations found in Paper I.  
The  contents  of  TMAO  and  its  degradation  products,  DMA  and  TMA  were  also 
reduced  by  NF  (Figure  14).  Although  these  components  are  not  singlehandedly 
responsible for generating fish flavour, their reduction contributes to the explanation 
in attribute intensity drop. Anserine has been found positively correlated to a variety of 













and  sodium  levels,  albeit,  not  to  the  same  extent.  The  levels were  reflected  by  the 
sensory  assessment,  where  the  MF  permeates  had  significantly  higher  salty  taste 







highest  TMA  flavour.  The  MWD  variation  in  the  MF  permeates,  where  salmon 
products had higher  levels of 0.2-1 kDa components,  is  a  likely explanation for the 
observation. This caused some differences  in NF effect on MWD depending on  the 





The  objective  of  this  study  was  to  assess  how  different  fractions  of  residual  raw 





value  of  the  protein  hydrolysates.  The  biogenic  amines  histamine,  putrescine,  and 
cadaverine  are  metabolites  found  in  seafood,  but  high  levels  indicate  microbial 
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proliferation  in  the  raw  material.  The  two  latter  are  considered  potentiators  of  the 





consisted  mainly  of  peptides  <  2  kDa,  and  the  viscera  products  had  almost  40% 
compounds < 0.2 kDa, i.e. mostly free amino acids. The difference can be ascribed to 
endogenous  enzyme  activity  in  the  visceral  raw  material.  A  considerable  product 
difference was  found  in  the ash content. The mackerel hydrolysates had higher  ash 
content compared to the corresponding salmon hydrolysates. The most extreme level 
was observed in the mackerel head product with 38%, compared to 12.6% in the salmon 

























increased  the  understanding  of  how  raw material,  enzyme  specificity  and  extent  of 
hydrolysis  affected  molecular  weight  distribution  and  metabolite  composition  in 
relation to sensory properties. The potential of nanofiltration as a method for reduction 
in  sensory  attribute  intensity  was  evaluated.  In  addition,  emulsion  properties  and 
critical micelle concentration were assessed.  The main conclusions  of  the  study are 
summarised below.   












It  has  potential  for  prediction  of  sensory  properties  based  on  metabolite 
composition  and  can  be  used  to  determine  specific  attribute-metabolite 
associations. 
·  Microfiltration  is  efficient  for  purification  of  protein  hydrolysates,  removing 
suspended solids and  residual  lipids, keeping rancidity levels of the products 
low. A downside  is a considerable  loss of protein in  the process, resulting  in 
approx. 40% protein recovery without the use of diafiltration. 
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·  Hydrolysis was detrimental  to the EAI of  fish proteins but is positive for the 




·  Low  critical  micelle  concentration,  indicating  good  surface-activity,  was 










·  The  fractions  of  residual  raw  materials  used  for  hydrolysis  influences  the 







potential  for  increased valorization  of  residual  raw materials  and  sustainable use  of 
resources. The main limitation of any food inclusion is unpalatable tastes. In this thesis, 
we have  shown  that most of  the  sensory attributes can be ascribed  to water-soluble 
metabolites inherent to the raw material. Through membrane filtration technology it is 
possible  to  reduce  the  intensity  of  many  of  the  attributes.  However,  optimization 
studies should be performed to increase protein recovery throughout the process. This 
may include testing different molecular weight cut-offs and types of membranes.  
In  addition  to  the  hydrolysate,  the  other  process  fractions  should  be  used  for  some 
application to ensure optimal raw material utilization. The solids, including the bone 
fractions  may  have  potential  as  food  ingredients,  but  is  frequently  used  for  feed 
applications. The bone  fraction  contains minerals  and  proteins with high nutritional 
value, as does the membrane filtration fractions (the microfiltration retentate in the case 
of this study) that is not considered the main product of the process. In the case of high-
fat  species,  the  oil  fraction may also have  high  potential  for  human  nutrition given 
further refining. A potential method to increase hydrolysis yield while simultaneously 
decreasing  amounts  of  other  fractions,  is  a  cascade  hydrolysis  reaction.  This  could 
facilitate solubilization of more protein while restricting the degree of hydrolysis.   
This  thesis  did  not  demonstrate  excellent  functional  properties  of  the  tested 
hydrolysates. However, this does not mean that it is impossible to produce hydrolysates 




Researchers  have  started  to  test  food  formulations  containing  hydrolysates.  This  is 
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  Backbones  Heads  Viscera  Backbones  Heads  Viscera 
Protein (N×6.25)  17.5  12.3  13.5  14.9  14.2  9.9 
Dry matter  35.1  41.1  32.5  44.0  38.1  48.8 
Ash  3.5  7.2  2.2  3.9  3.3  0.9 









  Backbones  Heads  Viscera  Backbones  Heads  Viscera 
EAA1 
           
Arginine  1.0  0.8  0.8  0.9  0.9  0.6 
Histidine  0.8  0.3  0.4  0.3  0.4  0.3 
Isoleucine  0.7  0.4  0.5  0.5  0.5  0.4 
Leucine  1.3  0.7  0.9  0.8  0.9  0.7 
Lysine  1.5  0.7  0.9  0.9  1.1  0.7 
Methionine  0.5  0.3  0.3  0.4  0.4  0.3 
Phenylalanine  0.6  0.4  0.5  0.4  0.5  0.4 
Threonine  0.7  0.5  0.5  0.5  0.6  0.5 
Valine  0.8  0.5  0.6  0.5  0.6  0.5 
Sum EAA  7.9  4.7  5.3  5.4  5.8  4.1 
NEAA2 
           
Alanine  1.0  0.8  0.7  0.9  1.0  0.6 
Aspartic acid  1.5  1.0  1.1  1.1  1.2  0.9 
Glutamic acid  2.2  1.4  1.5  1.8  1.9  1.3 
Glycine  1.1  1.4  0.9  1.8  1.6  0.8 
Hydroxyproline  0.2  0.6  0.2  0.5  0.4  0.2 
Proline  0.6  0.7  0.5  0.9  0.8  0.4 
Serine  0.7  0.6  0.6  0.6  0.6  0.5 
Tyrosine  0.6  0.3  0.3  0.3  0.4  0.3 
Sum NEAA  7.9  6.7  5.9  8.0  7.9  4.9 










   MB  MH  MV  SB  SH  SV 
Protein (N × 6.25)   82.4  59.3  75.5  89.8  89.3  82.8 
Total dry matter   96.3  96.4  94.9  96.3  98.0  97.3 
Ash   15.7  38.3  11.9  9.3  12.6  8.5 





Table  6 Amino  acid  composition  (g/100  g  crude  protein)  of  protein  hydrolysates  based  on 368 
mackerel (M) and salmon (S) backbones (B), heads (H) and viscera (V). 369 
Amino acids  MB  MH  MV  SB  SH  SV 
EAA1             
Arginine  5.5  6.2  6.1  5.9  6.3  6.6 
Histidine  6.1  3.0  2.5  2.0  1.9  1.8 
Isoleucine  2.9  2.5  4.1  2.9  2.4  3.6 
Leucine  6.1  5.4  7.0  5.6  4.8  6.3 
Lysine  8.4  7.3  7.7  7.2  6.2  6.6 
Methionine  2.3  2.4  2.8  2.6  2.7  2.5 
Phenylalanine  2.3  2.5  3.4  2.6  2.6  3.3 
Threonine  3.5  3.4  4.4  3.6  3.2  3.9 
Valine  3.8  3.4  5.0  3.6  3.1  4.6 
Sum EAA  40.8  36.1  43.0  35.9  33.1  39.3 
NEAA2             
Alanine  5.6  7.1  5.4  6.2  6.7  5.6 
Aspartic acid  7.9  7.4  8.9  7.8  7.6  7.7 
Glutamic acid  13.0  12.5  12.8  12.1  12.1  11.7 
Glycine  6.4  10.5  6.9  9.8  13.5  7.4 
Hydroxyproline  1.7  3.2  2.1  3.3  4.6  2.2 
Proline  3.6  5.2  4.2  5.0  6.8  4.6 
Serine  3.8  4.2  4.8  3.8  4.3  4.2 
Tyrosine  2.1  1.9  2.0  1.9  1.6  3.1 
25 
 
Sum NEAA  44.1  51.9  47.2  50.0  57.2  46.5 





Table  7 Molecular  weight  distribution  (wt%)  of  hydrolysates  based  on  mackerel  (M)  and 372 
salmon (S) backbones (B), heads (H) and viscera (V)   373 
MW (Da)  MB  MH  MV  SB  SH  SV 
> 20000  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1 
20000-15000  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1 
15000-10000  0.1  0.1  <0.1  0.1  0.1  <0.1 
10000-8000  0.1  0.3  <0.1  0.2  0.2  <0.1 
8000-6000  0.5  1.0  0.1  0.9  1.0  0.1 
6000-4000  1.9  3.7  0.2  3.3  3.6  0.5 
4000-2000  8.2  13.9  0.8  12.9  15.9  2.3 
2000-1000  14.5  17.7  1.9  18.4  22.2  5.6 
1000-500  17.7  16.6  5.5  18.9  19.0  10.1 
500-200  19.7  16.9  16.8  20.3  17.3  16.6 






  MB  MH  MV  SB  SH  SV 
Aspartic acid  0.07  0.12  1.85  0.10  0.11  1.21 
Glutamic acid  0.47  0.46  2.12  0.40  0.36  1.81 
Hydroxyproline  0.01  0.02  0.07  0.02  0.03  0.06 
Serine  0.11  0.20  1.46  0.13  0.18  1.45 
Asparagine  0.02  0.02  0.19  0.02  0.02  0.40 
Glycine  0.18  0.35  0.94  0.17  0.24  1.01 
Glutamine  0.25  0.73  3.18  0.48  0.50  4.59 
Histidine  3.88  1.37  1.22  0.24  0.22  0.76 
Threonine  0.12  0.17  1.46  0.16  0.16  1.33 
Alanine  0.35  0.46  2.25  0.49  0.45  2.78 
Arginine  0.30  0.57  3.84  0.21  0.24  3.99 
Proline  0.07  0.15  0.99  0.11  0.08  0.72 
Tyrosine  0.22  0.44  1.13  0.20  0.16  2.17 
Valine  0.12  0.24  2.25  0.26  0.21  2.29 
Methionine  0.35  0.61  3.18  0.52  0.41  2.78 
Cysteine  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01 
Isoleucine  0.10  0.22  2.12  0.27  0.21  1.93 
Leucine  0.51  1.32  4.50  0.92  0.81  4.23 
Phenylalanine  0.36  0.73  2.38  0.53  0.75  2.05 
Tryptophan   0.08  0.12  0.86  0.13  0.11  0.70 
Lysine  0.68  0.66  3.84  0.45  0.34  3.38 
28 
 
Sum protein amino acids  8.29  8.92  39.83  5.82  5.59  39.65 
Non-protein amino acids             
Creatinine  1.14  0.25  <0.01  0.45  0.38  <0.01 
β-alanine  <0.01  <0.01  0.03  0.16  0.24  0.16 
Taurine  1.03  2.36  2.38  0.51  1.46  3.26 
4-aminobutanoic acid  <0.01  <0.01  <0.01  <0.01  0.01  0.01 
Citrulline  <0.01  <0.01  0.20  <0.01  0.01  0.07 
Carnosine  0.07  0.05  0.25  0.09  0.03  0.17 
Anserine  0.13  0.08  0.15  2.56  0.72  0.13 
L-Ornithine  0.02  0.03  0.08  0.02  0.02  0.18 
Sum non-protein amino 
acids 










MB  MH  MV  SB  SH  SV 
TMA  17  15  23  14  <1  250 
TMAO  162  53  <1  125  <1  <1 
Putrescine  63  44  78  110  180  410 
Cadaverine  <20  <20  <20  <20  <20  380 
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